Abstract Agrobacterium-mediated genetic transformation was applied to produce transgenic plants of spinach (Spinacia oleracea) resistant to 2 pest species, Trichoplusia ni and Autographa nigrisigna. Leaf segments from in vitro spinach plants of cultivar 'Glory' were co-cultivated with A. tumefaciens strain EHA105, which harbored the plasmid pBE2111FMB containing a synthetic cry1Ac gene encoding an insecticidal crystal protein of Bacillus thuringiensis, and neomycin phosphotransferase II and bialaphos resistance genes as selectable marker genes. Kanamycin (Km)-resistant calluses were obtained from co-cultivated leaf segments 1 month after selection on 2.5 g l Ϫ1 gellan gum-solidified MS medium containing 30 g l Ϫ1 sucrose, 0.5 mg l Ϫ1 2,4-dichlorophenoxyacetic acid (2,4-D), 2 mg l Ϫ1 kinetin, 100 mg l Ϫ1 Km and 20 mg l Ϫ1 meropenem trihydrate. Regeneration of adventitious shoots from Km-resistant calluses was performed on 2.5 g l Ϫ1 gellan gum-solidified MS medium containing 30 g l Ϫ1 sucrose, 0.01 mg l Ϫ1 2,4-D, 1 mg l Ϫ1 kinetin, 1 mg l Ϫ1 gibberellic acid, 100 mg l Ϫ1 Km and 10 mg l Ϫ1 meropenem trihydrate at 14°C. PCR and Southern blot analyses of genomic DNA isolated from T1 plants confirmed the successful integration of T-DNA into the plant genome. Expression of Cry1Ac protein was confirmed in leaves of transgenic plants by Western blot analysis. Insect bioassays against T. ni and A. nigrisigna performed with T1 plants showed more than 93.3% insect mortality within 1 week. These results suggest that the cry1Ac gene was effectively expressed in spinach. cry1Ac gene into spinach by Agrobacterium tumefaciensmediated transformation, and the transgenic plants were evaluated against the attack of larvae of 2 commonly found destructive insect pests of vegetables, cabbage looper (Trichoplusia ni Hübner) and Asiatic common looper (Autographa nigrisigna Walker).
Materials and methods

Plant material
In vitro plants of spinach cultivar 'Glory' (Takii Seed and Seedling Co., Kyoto, Japan) were used. Seeds were surfacesterilized successively with 70% ethanol for 3 min and a 1% sodium hypochlorite solution containing a few drops of Tween-20 for 20 min, followed by rinsing 3 times with sterile water. Seeds were then germinated on PGR-free MS medium (Murashige and Skoog 1962) 
Plasmid vector and bacterial strain
The binary vector pBE2111FMB was constructed by inserting a HindIII-digested fragment, which contains a synthetic cry1Ac gene (Accession No. AB472847) driven by a strong constitutive promoter cassette El2-35S-W from pE2113 (Mitsuhara et al. 1996) , into the binary Ti plasmid, pBI121-bar, which contains 2 selectable markers, namely the nptII gene under the control of the nopaline synthase promoter and the bar gene under the control of the cauliflower mosaic virus 35S promoter (Figure 1) .
The synthetic cry1Ac gene was produced by modifying the sequences according to Fujimoto et al. (1993) for the former part of the sequence (1-1398) with 7 additional base changes made by Perlak et al. (1991) , and according to Nayak et al. (1997) for the latter part of the sequence (1399-) as shown in Figure 1 . This vector was introduced into A. tumefaciens strain EHA105 (Hood et al. 1993 ) and used for transformation experiments.
Inoculation and co-cultivation with Agrobacterium
Agrobacterium was grown overnight at 28°C in LB liquid medium (Miller 1972) containing 50 mg l Ϫ1 Km (kanamycin sulfate; Wako Pure Chemical Industries, Osaka, Japan), 200 mg l Ϫ1 streptomycin sulfate salt (Sigma-Aldrich, St. Louis, MO, USA) and 10 mg l Ϫ1 rifampicin (Rifampicin; Wako Pure Chemical Industries, Osaka, Japan). For preparing bacterial inoculation solution, Agrobacterium suspension culture was added to 40 ml MS liquid medium containing 30 g l Ϫ1 sucrose, 0.5 mg l Ϫ1 2,4-D, 2 mg l Ϫ1 kinetin and 100 m M acetosyringone (3Ј,5Ј-dimethoxy-4Ј-hydroxy-acetophenone; Sigma-Aldrich, St. Louis, MO, USA) to make a density of OD 600 ϭ1.0. For inoculation, leaves were collected from 2 to 3 week-old in vitro plants of 'Glory', cut transversely into pieces of ca. 5 mm in width, and immersed in the bacterial solution for 10 min. After removing the excess bacterial solution on sterilized filter papers, leaf segments were transferred onto co-cultivation medium consisting of 2.5 g l Ϫ1 gellan gum-solidified MS medium with 30 g l Ϫ1 sucrose, 0.5 mg l Ϫ1 2,4-D, 2 mg l
Ϫ1
kinetin and 100 mM acetosyringone in Petri dishes (90ϫ20 mm) and maintained for 3 days at 20°C in the dark.
Selection of transgenic cells and plant regeneration
After co-cultivation, the leaf segments were transferred onto the same medium but lacking acetosyringone and containing 20 mg l Ϫ1 meropenem trihydrate (Meropen; Dainippon Sumitomo Pharma, Osaka, Japan; Ogawa and Mii 2007) for bacterial elimination and 100 mg l Ϫ1 Km for selection of putative transgenic calluses. They were subcultured every 2 weeks onto fresh medium of the same composition. After 2 months, Km-resistant calluses were isolated from the leaf Figure 1 . Schematic illustration of T-DNA region used in the transformation experiments. PNOS, nopaline synthase promoter; nptII, neomycin phosphotransferase II gene; TNOS, nopaline synthase terminator; El2, 5Ј-upstream sequence of cauliflower mosaic virus 35S promoter (Ϫ419 to Ϫ90)ϫ2; P35S, cauliflower mosaic virus 35S promoter; W, 5Ј-untranslated sequence of tobacco mosaic virus; cry1AcFM, cry1Ac gene; T35S, cauliflower mosaic virus 35S terminator; bar, bialaphos resistance gene. The regions of (1) and (2) were synthesized according to Fujimoto et al. (1993) and Nayak et al. (1997) , respectively. For the region of (3), sequence of Fujimoto et al. (1993) ). For rooting, regenerated shoots were isolated from the calluses, dipped at their basal part into a 20 mg l Ϫ1 IBA solution for 2 h, and transferred to test tubes (25ϫ100 mm) each containing the mixture of vermiculite and paper pulp blocks (20ϫ20ϫ20 mm) (Florialite; Sanei Co., Gunma, Japan) and 7 ml MS liquid medium (30 g l Ϫ1 sucrose, PGR-free). After 6 weeks, rooted plants were transferred into pots with soil and kept in a transparent plastic box for acclimatization. The plants successfully acclimatized were then grown in a growth chamber. Throughout root induction and acclimatization process, shoots and plants were kept at 20°C under an 8/16 h (light/dark) photoperiod for inducing vegetative growth since flower bud initiation occurred easily under a long day condition. For inducing flowering, spinach plants were transferred under a 16/8 h (light/dark) photoperiod at 20°C. Since spinach is a dioecious plant, T1 progeny was obtained by crossing the transgenic plants with non-transgenic plants.
DNA isolation and molecular analyses
Total genomic DNA was extracted from leaf tissues of T1 transgenic plants and non-transgenic plants using the CTAB method (Murray and Thompson 1980) . For Southern blot analysis, 10 m g of genomic DNA was digested with XbaI or HindIII, which cut a single site or two sites within the T-DNA, respectively, and fractionated on a 0.9% agarose gel. Separated DNA fragments were then transferred to nylon membrane (Immobilon-Nyϩ Transfer Membrane; Millipore Co., Billerica, MA, USA). The cry1Ac (1.3-kb) probe was generated from the plasmid pBE2111FMB by labeling with DIG using the PCR DIG Probe Synthesis kit (Roche Diagnostics, Mannheim, Germany) and the primer set, 5Ј-GACGCTGCTGTTGCTG-AAGCCGGA-3Ј and 5Ј-ATGGACAACAACCCCAACATCA-AC-3Ј. Hybridization and detection were performed according to the instruction manual of the DIG Labeling and Detection System (Roche Diagnostics, Mannheim, Germany).
Detection of the cry1Ac and nptII genes in T1 plants was also carried out by PCR analysis. Thirty cycles were performed under the following conditions: 94°C for 1 min, 62°C for 1 min and 72°C for 1.5 min. The reaction mixture for PCR amplification contained 20 ng of template DNA, 0.5 m M of each primer, 2 mM of each dNTP, 0.5 U TaKaRa Ex Taq polymerase and 1ϫ Ex Taq buffer (Takara Shuzo, Shiga, Japan) in a 20 m l final volume. Primers used for amplifying a 0.7-kb fragment inside the nptII gene were 5Ј-GAGGCTATTCGGCTATGACTG-3Ј and 5Ј-ATCGGGAGC-GGCGATACCGTA-3Ј (Hamill et al. 1991) . Primers used for amplifying a 1.3-kb fragment inside the cry1Ac gene were the same as described above.
Western blot analysis
Total proteins were extracted from 100 mg of leaf tissues of the T1 transgenic plants and non-transgenic plants. Samples were ground in liquid nitrogen, and 300 ml of 2ϫ sample buffer, which consisted of 2% (v/v) SDS, 10% (v/v) glycerol and 0.1% (v/v) b -mercaptoethanol in 0.5 M Tris-HCl (pH 6.8), was added to each sample. Samples were then boiled for 5 min and centrifuged at 8000ϫg for 5 min. Ten microliters of supernatant from each sample was loaded onto a 12% SDS-PAGE. Proteins were then electro-blotted onto PVDF membrane (Bio-Rad Laboratories, CA, USA). Detection of the Cry1Ac protein was performed using ECL Advance Western Blotting Detection Kit (Amersham Bioscience, Buckinghamshire, UK). Antibodies used were polyclonal antisera raised in rabbit against the Cry1Ac protein (at 1:5000) and goat-anti-rabbit IgG conjugated to horseradish peroxide (HRP) as secondary antibody at 1:100000.
Insect bioassays
T1 transgenic plants and non-transgenic plants were used for bioassays against larvae of 2 common vegetable pests, T. ni and A. nigrisigna. Leaves were fed to 4th instar larvae and insect mortality was recorded after 7 days. For each insect pest, 25-30 larvae were used.
Results and discussion
Selection of Km-resistant calli and production of transgenic cry1Ac T1 plants
The leaf segments from in vitro plants of spinach cultivar 'Glory' were co-cultivated with A. tumefaciens EHA105 harboring pBE2111FMB plasmid. After 2 months of culture on selective medium containing 100 mg l Ϫ1 Km, a total of 22 Km-resistant calluses were obtained from the cut end of 132 leaf segments, while no calluses appeared in the control non-co-cultivated leaf segments. Among these Km-resistant calluses, 6 (27%) showed shoot regeneration after transfer onto regeneration medium and incubated at 14°C.
The adventitious shoots regenerated from the Kmresistant calluses were continuously proliferated by stem cutting under the same culture conditions. However, it is rather difficult to induce an enough root system in these shoots, and thus their acclimatization and transplantation into soil were difficult. Therefore, the regenerated shoots were treated with 20 mg l Ϫ1 IBA at their base for 2 h, and then transferred to test tubes containing Florialite and liquid PGR-free MS medium. By using this method, most of the shoots rooted within 6 weeks. The regenerated plants were then transferred to pots and successfully acclimatized by keeping in a transparent plastic box for 2-3 weeks. After acclimatization, they grew into flowering stage in a growth chamber by changing the photoperiod from short (8 h) to long day (16 h) conditions. They successfully produced T1 seeds by cross-pollination with non-transgenic female or male plants. T1 seeds were germinated in pots and T1 plants appeared normal in morphology (Figure 2) . T1 progenies from a single line of T0 plant were used for further molecular analyses and insect bioassays.
Confirmation of transformation
PCR analysis for the cry1Ac and nptII genes was performed using DNA extracted from a total of 5 T1 plants derived from a single T0 plant. As shown in Figure 3A , 1.3-kb cry1Ac and 0.7-kb nptII signals were detected in 4 plants, while 1 plant showed negative result in both cry1Ac and nptII, revealing that T1 progenies consisted of non-transgenic and transgenic plants due to the segregation of the transgene.
Southern blot analysis was performed to confirm the integration of the cry1Ac gene into the plant genome using genomic DNA extracted from leaf tissues of the same T1 plants as used for PCR analysis. The hybridization signals were detected from the genomic DNA of 4 transformants as the result of the PCR analysis. Since XbaI cuts single site within T-DNA, the result shown in Figure 3B revealed that these transgenic plants had 2 copies of T-DNA. When the genomic DNA of the T1 plants was digested with HindIII, which cuts 2 sites within T-DNA, the hybridization signals of the expected size (3.2-kb) were detected. Although the transgenic plants had 2 copies of T-DNA, segregation of the transgenes was not observed in these T1 progenies, suggesting that inserted sites of these 2 copies of T-DNA were closely linked with each other.
Western blot analysis
To determine the expression of Cry1Ac protein in the transgenic plants, total soluble protein was extracted from 3 T1 plants, which had shown positive results in PCR and Southern blot analyses, and 2 non-transgenic control plants, and subjected to Western blotting probed with anti-Cry1Ac antibody. As shown in Figure 4 , expression of the 65-kD Cry1Ac protein was confirmed in all the 3 transgenic plants, while no detection of signal in the control plants.
Insect bioassays
To evaluate the insecticidel effect of the transgenic plants, we used 4th instar larvae of two species, namely, T. ni and A. nigrisigna for insect bioassays by feeding spinach leaves from transgenic plants expressing Cry1Ac and control plants. As a result, only small bites on the leaves of transgenic plants were observed after 1-2 days of feeding. In contrast, larvae showed continuous growth on the control leaves and finally they developed into pupal stage ( Figure 5 ). Larvae mortality was 100% and 93.3% on the leaves of the cry1Ac plants in T. ni and A. nigrisigna, respectively (Table 1) . Although some of the larvae of A. nigrisigna remained alive after 7 day of feeding on transgenic leaves, all of them completely died within 14 days, which may be due to the difference in resistance against toxicity of Cry1Ac proteins among the individuals tested.
In the present study, we synthesized a cry1Ac gene as reported by Perlak et al. (1991) , Fujimoto et al. (1993) and Nayak et al. (1997) , by modification of the inappropriate coding sequence for plants and used it for transformation of spinach in combination with a high expression promoter cassette based on the report of Mitsuhara et al. (1996) . Consequently, we successfully introduced the cry1Ac gene into spinach plants, which showed high expression levels of Cry1Ac protein and sufficiently suppressed the growth of relatively advanced age of larvae in two common pests of vegetables, T. ni and A. nigrisigna. These results suggest that the synthetic cry1Ac gene used in this study might be effective for controlling various lepidopteran pests of other vegetables as well as a wide range of food and ornamental crops. 
